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from nonalcoholic fatty liver, is crucial, but reliable methods other than invasive biopsy have not been established
yet. In this study, we investigated the usefulness of diffuse reflectance spectroscopy, which does not require tis-
sue collection, to evaluate the pathological states of fatty liver with inflammation.
Materials and Methods: We performed in vivo optical fiber-based diffuse reflectance spectroscopy in both the
near-infrared and visible spectral regions for livers in STAM mice, which typically show steatosis at 6 weeks,
steatohepatitis at 8 weeks, and fibrosis at 12 weeks of age. After diffuse reflectance spectroscopy, all of the
liver tissues were histologically analyzed and scored on the basis of the rodent nonalcoholic fatty liver disease
scoring system. We examined correlations between the diffuse reflectance spectra and scores associated with
steatosis and inflammation.
Results and Conclusion: The results showed that the second derivative values of reflectance at 1204 nm, the lipid
absorption peak in the near-infrared region, were strongly correlated with steatosis scores (r = 0.9172, P <
.0001, n = 20) and that the differences of the first derivative values of reflectance in the visible region
(570 nm — 550 nm) that reflect hemoglobin deoxygenation were significantly correlated with inflammation
scores (r = 0.5260, P = .0172, n = 20). These results suggest that our diffuse reflectance spectroscopy method
is useful for diagnosis of the states of steatosis with inflammation in livers and hence nonalcoholic
steatohepatitis.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of liver disor-
ders that range from nonalcoholic fatty liver (NAFL) to nonalcoholic
steatohepatitis (NASH). Because NASH can lead to cirrhosis, hepatocel-
lular carcinoma, and liver failure [1], it is of great clinical importance to
discriminate between NAFL and NASH. Currently, ultrasonography-
guided percutaneous liver biopsy is the gold standard for discrimina-
tion. Liver biopsy can also be performed through a transjugular or
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laparoscopic route [2]. Regardless of the method used, liver tissue col-
lection is highly invasive, causing pain (30% to 50% of patients experi-
ence pain, usually around the biopsy site), serious bleeding (0.6% of
patients), and even death (up to 0.1% of patients) [2]. Additional prob-
lems arise due to sampling errors, limited sample volumes, and subjec-
tive biopsy interpretation [2]. Thus, it is imperative to develop a
minimally invasive, reliable method that can provide opportune diag-
nosis for patients who are at risk of developing chronic liver diseases.
In the past few decades, diffuse reflectance spectroscopy (DRS) has
been extensively applied to tissue diagnosis without biopsy [3,4]. Be-
cause light reflected from tissue (diffuse reflectance) has information
on light absorption and scattering properties of the tissue, the states of
absorption chromophores and scatterers can be monitored by spectro-
scopic analysis of diffuse reflectance signals. DRS for absorption chro-
mophores can provide information on the contents of oxygenated/
deoxygenated hemoglobins, water, and lipids [5], whereas DRS for
light scatterers can indicate microstructural and functional changes in
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tissue. Thus, DRS enables real-time tissue diagnosis without tissue col-
lection. Moreover, DRS enables repeated measurements at different
sites, thus reducing the number of sampling errors that would occur
with conventional biopsies. Indeed, spectroscopic data provide an ob-
jective diagnosis. Thus, the DRS method has recently been applied to
monitor lipid deposition in livers in vivo and ex vivo [6,7]. To the au-
thors' best knowledge, however, few reports have dealt with diagnosis
of fatty liver with inflammation by DRS in vivo.

In this study, we examined whether the states of liver involving both
steatosis and inflammation could be detected by DRS. For that purpose,
we used STAM mice, which typically show steatosis (NAFL model) at 6
weeks of age, steatohepatitis (NASH model) at 8 weeks of age, and fibro-
sis at 12 weeks of age [8]. For exposed livers of mice at each stage, we
measured diffuse reflectance spectra both in the near-infrared (NIR)
and visible (VIS) spectral regions to assess relative lipid content and he-
moglobin oxygen saturation, respectively. We assumed that an influx of
inflammatory cells leads to hypoxia (inflammatory hypoxia), reducing
hemoglobin oxygen saturation in the liver. We carefully compared spec-
troscopic data with the results of histopathological analyses on the basis
of the rodent NAFLD scoring system [9].

MATERIALS AND METHODS

All of the procedures used in the animal experiments in this study
were approved by the Committee on Animal Ethics at the National De-
fense Medical College, Japan (permission numbers 12093 and 18101).

Animals. STAM mice of 5 and 10 weeks of age were obtained from Stelic
Institute & Co (Tokyo, Japan). STAM mice were obtained by treating
C57BL/6] male mice with a single subcutaneous injection of 200 pg
streptozocin (Sigma, MO, USA) at 2 days after birth and feeding with
High Fat Diet 32 (CLEA Japan, Tokyo, Japan). To induce different stages
of NAFLD, the mice received the high-fat diet for 6, 8, and 12 weeks to
induce steatosis, steatohepatitis, and fibrosis, respectively. Control
mice (C57BL/6] male mice of 8 weeks of age) were purchased from
Japan SLC, Inc (Shizuoka, Japan). We used male mice because STAM
mice have been established only for males. All of the animals were
caged in animal rooms and had free access to food and water for the du-
ration of experiments.

Instrumentation for DRS. Figure 1 shows schematics for in vivo DRS of
mice livers. The DRS system consisted of a tungsten-halogen lamp
(400-1700 nm; BPS2.0; B&RW Tek, Inc., Newark, DE, USA), a NIR spec-
trometer (900-1700 nm; TG-NIR C9406GC; Hamamatsu Photonics,
Inc., Hamamatsu, Japan), a VIS spectrometer (200-900 nm; USB4000;
Ocean Optics, Inc., Dunedin, FL, USA), and a pair of optical fibers (a
source fiber and a detection fiber) with a core diameter of 600 pm.
Light from the lamp was collimated and power-adjusted and then
coupled to one end of the source fiber, and the other end was placed
on the liver surface. For light power adjustment, a variable neutral den-
sity (ND) filter was used to set the irradiation power for the liver at 350
and 100 pW for NIR DRS and VIS DRS, respectively. A long-wavelength-
absorbing filter was used to cut light of wavelengths longer than
1000 nm for VIS DRS. For the detection fiber, one end was connected
to either of the spectrometers, and the other end was placed on the
liver surface. The center-to-center distance of 2 fibers was kept constant
at 1 mm on the liver. Light transmitted through the source fiber pene-
trated into the liver, and diffuse reflectance was captured with a detec-
tion fiber and delivered to the spectrometer. The integration times were
set to be 1000 ms for NIR DRS and 400 ms for VIS DRS.

In Vivo DRS. STAM mice and control mice were anesthetized by intra-
peritoneal injection of pentobarbital sodium (20 mg/kg animal weight).
Mice were placed on a temperature-controlled body mat (37°C) in a su-
pine position, and laparotomy was performed to expose the liver. End
faces of a pair of optical fibers described above were placed on the
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Fig 1. (a) Diagram of the setup for diffuse reflectance spectroscopy (DRS) of the mouse
liver. A long-wavelength-absorbing filter was used only when a VIS spectrometer was
used. (b) Conceptual sketch of DRS. ND: neutral density; VIS: visible; NIR: near-infrared.

liver surface of the median lobe. In one measurement for each liver,
DRS spectra were measured twice using the setup shown in Fig 1 in a
darkened room, and 2 sets of obtained spectral data were averaged.
This procedure was conducted by the same operator (Y.T.) to ensure
constant fiber contact conditions on the liver surface. After conducting
DRS, mice were sacrificed, and hepatectomy was performed to obtain
tissue for measurement. Histological analysis of the tissues was per-
formed as described below.

Data Analysis. Diffuse reflectance spectra were acquired for 5 livers in
each group of mice. For data processing, the background (dark) spec-
trum was subtracted from the measured spectrum using supplied soft-
ware. A reference reflectance spectrum was also measured with a
certified diffuse reflectance standard plate (SRS-99-020; Labsphere,
Inc., North Sutton, NH, USA), for which the fiber probe ends were posi-
tioned near the plate in a noncontact manner. Measured diffuse reflec-
tance spectra were converted to relative reflectance values using the
following equation:

S(N—=D(\)

RN =5 v—Dn)

(1)

where R4(\) is the relative reflectance intensity at the wavelength A, S
(A) is the diffuse reflectance intensity for the liver at the wavelength
A, D(N) is the dark intensity at the wavelength A, and S;ef(\) is the refer-
ence signal intensity from the reflectance standard at the wavelength A.

To assess the relative lipid content and tissue (hemoglobin) oxygen
saturation, the relative reflectance spectra (Ry) obtained by Eq. (1) were
analyzed on the basis of the second- and first-derivative values, respec-
tively [10]. The principal advantage of using the first-derivative spectra
is that the effects of background absorbance and scattering that are less
dependent on wavelength can be eliminated. However, there are cases
when an absorption peak of interest is significantly overlapped by
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Fig 2. Averaged raw diffuse reflectance spectra (upper row) and their second-derivative values (lower row) in the NIR region for each group of mice (n = 5). (a) Control mice of 8 weeks of
age. STAM mice of (b) 6 weeks, (c) 8 weeks, and (d) 12 weeks of age. The vertical dashed line and arrow indicate the peak absorption wavelength of lipid (1204 nm) and the second-

derivative signal of interest, respectively.

other absorption peaks. In such cases, the first derivative is unreliable
in detecting changes in the absorption peak of interest. However, if
there is a certain difference between the spectral curvature of the
chromophore of interest and spectral curvatures of other chromo-
phores, the second derivative is able to detect changes in the absorp-
tion peak of interest [11]. The detection of change in the absorption
peak of lipids (1204 nm) that is overlapped by the broader absorp-
tion peak of water (1200 nm) corresponds to this case [12]. Thus,
we used the second-derivative values to evaluate the relative lipid
content in the liver tissue. In the VIS spectral region, oxygenated
and deoxygenated hemoglobins are the dominant chromophores,
and their absorption coefficients differ depending on the wave-
length. Thus, the first-derivative spectra of liver tissue depend on he-
moglobin oxygen saturation. In this study, we used the difference of
the first-derivative value at 570 nm and that at 550 nm (570 nm —
550 nm) to evaluate relative changes in tissue hemoglobin oxygen
saturation on the basis of the assumption of inflammation-induced
local hypoxia described above.

Histological Analysis. Sectioned tissue was fixed in 10% formalin, em-
bedded in paraffin, and subjected to hematoxylin and eosin (H&E)
staining. An expert pathologist (S.0.) blindly analyzed histological im-
ages of all of the liver samples on the basis of rodent NAFLD scoring sys-
tem [9]. For each liver sample, three representative images from a
region where DRS was performed were obtained, and proportions of
areas showing specific histological features, i.e.,, macrovesicular
steatosis, microvesicular steatosis, and hepatocytic hypertrophy, to the
whole areas of images were separately estimated and scored as 0
(<5%), 1 (5%-33%), 2 (34%-66%), or 3 (>66%) points. The steatosis
score was defined as the summation of scores for macrovesicular
steatosis, microvesicular steatosis, and hepatocytic hypertrophy. For
assessing inflammation status, the number of inflammatory focus (i.e.,
an aggregate of several or more inflammatory cells) per high-power
field was counted and scored as 0 (<0.5 focus), 1 (0.5-1.0), 2 (1.0-
2.0), or 3 (>2.0) points (inflammation score). The liver was diagnosed
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as NASH when both the steatosis score and the inflammation score
were equal to or higher than 1 [9].

Statistical Analysis. We used the Shapiro-Wilk test to check the nor-
mality of data for each group of mice, i.e., the second-derivative values
of the reflectance spectra at 1204 nm (n = 5), difference in the first-
derivative values of reflectance spectra (570 nm — 550 nm) (n = 5),
histological steatosis scores (n = 5), and histological inflammation
scores (n = 5). Statistical differences were determined for data of differ-
ent mice groups using the nonparametric Wilcoxon test. Spearman cor-
relation test was used to examine the correlation between the second-
derivative values of reflectance spectra at 1204 nm and histological
steatosis scores and the correlation between the difference of the first-
derivative values of reflectance spectra (570 nm — 550 nm) and histo-
logical inflammation scores. All of the statistical analyses were con-
ducted using JMP 14 statistical software (SAS Institute Inc., USA).

RESULTS

Diffuse Reflectance Spectra. Figure 2 shows averaged (n = 5) raw
diffuse reflectance spectra (upper row) and their second derivative
values (lower row) in the NIR region (900-1700 nm) for the livers
of (a) control mice and STAM mice of (b) 6 weeks, (c) 8 weeks, and
(d) 12 weeks of age. Raw diffuse reflectance spectra for 5 mice in
each group are shown in Supplementary Fig 1. Two repeatedly mea-
sured spectra and their average, which was used to obtain a raw dif-
fuse reflectance spectrum in a mouse of each group, are shown in
Supplementary Fig 2 and indicate a high reproducibility. In Fig 2,
the upper row shows reflection (not absorption) spectra and valleys,
which correspond to the absorption peaks of some chromophores.
Three valleys centered at ~980 nm, ~1190 nm, and ~1400 nm,
which are commonly observed, correspond to water absorption
peaks [13]. A sign of the chromophore of interest, i.e., lipid, is not
clear at 1204 nm. The spectral shapes are similar for all groups of
mice, but reflectance intensity for 6-week-old STAM mice is higher
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as a whole than intensities for other groups of mice. As described later
in histological analysis, lipid content in the liver was highest for 6-week-
old STAM mice, and lipid has a high scattering coefficient [14], increasing
diffuse reflection. In addition, a higher content of lipid means a reduced
content of water, which is the dominant chromophore in the tissue, de-
creasing the light absorption of water and hence increasing diffuse reflec-
tion. These 2 factors are the reasons for the highest reflection intensity for
the liver in 6-week-old STAM mice. Three sharp biphasic peaks seen in
the second-derivative spectra (lower row in Fig 2) correspond to the
water absorption peaks described above. In the livers of all groups of
STAM mice, smaller but clear double peaks are seen at 1180 and 1204
nm, which are attributable to absorptions due to cholesterol and lipid
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[15], respectively. As described above, we used the second-derivative
values (mean 4 SEM) at 1204 nm to evaluate relative lipid content in
the liver (Fig 3). The mean values for all of the 3 groups of STAM mice
were significantly higher than that for control mice (P <.01). The livers
of 6-week-old STAM mice showed the highest value of 0.00050 +
0.00006; there were significant differences between the value for 6-
week-old STAM mice and the values for all other groups of STAM mice
(P <.01), indicating the highest lipid content in the livers of 6-week-old
STAM mice.

Figure 4 shows averaged (n = 5) raw diffuse reflectance spectra
(upper row) and their first derivatives (lower row) in the VIS region
(500-600 nm) for the livers of (a) control mice and STAM mice of
(b) 6 weeks, (c) 8 weeks, and (d) 12 weeks of age. Raw diffuse reflec-
tance spectra for 5 mice in each group are shown in Supplementary
Fig 3. Two repeatedly measured spectra and their average, which was
used to obtain a raw diffuse reflectance spectrum in a mouse of each
group, are shown in Supplementary Fig 4 and indicate high reproduc-
ibility. In the raw spectra (upper row) in Fig 4, a single broad valley cen-
tered at ~555 nm is commonly seen, and it corresponds to the broad
absorption peak due to deoxyhemoglobin. The spectral shape of the val-
ley bottom becomes slightly sharper when the level of tissue deoxygen-
ation increases. Change in the deoxygenation level is more clearly seen
in the first-derivative spectra (lower row). At the absorption peak
wavelength for deoxyhemoglobin of ~555 nm, the first-derivative
value changes from minus to plus, and its slope theoretically becomes
steeper with the higher deoxygenation level. Thus, the difference in
the first-derivative values at 550 nm and at 570 nm (570 nm — 550
nm) can be used as an indicator of deoxygenation level (Fig 5). Because
we assumed that inflammation caused hemoglobin deoxygenation, a
higher value means a more intense inflammation in the livers. It was
shown that the values for all three groups of STAM mice were higher
than the value for control mice, although there was a significant differ-
ence in the value only between 8-week-old STAM mice (0.00310 +
0.00099) and control mice (0.00024 + 0.00153) (P <.05). This indicates
that the livers of 8-week-old STAM mice were the most highly deoxy-
genated and the most highly inflamed among all groups of mice on
the basis of our assumption.
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Fig 4. Averaged raw diffuse reflectance spectra (upper row) and their first derivatives (lower row) in the VIS region for each group of mice (n = 5). (a) Control mice of 8 weeks of age.
STAM mice of (b) 6 weeks, (c) 8 weeks, and (d) 12 weeks of age. Vertical dashed lines indicate the wavelengths of 550 and 570 nm.
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Histological Analysis. Figure 6 shows representative H&E-stained im-
ages of the livers of all groups of mice. In the liver of a 6-week-old
STAM mouse (Fig 6, b), macrovesicular steatosis (dashed line arrow)
and microvesicular steatosis (solid line arrow) are observed, while
some hepatocytes swell (open arrow), indicating hepatocytic hypertro-
phy. Additional to these steatotic findings, unexpectedly, clusters of in-
flammatory cells are also seen (black line circle, Fig 6, b). Intense
aggregation of inflammatory cells (black line circle) is seen in the liver
of an 8-week-old STAM mouse (Fig 6, c), but the number of lipid drop-
lets is much smaller than that in liver of the 6-week-old STAM mouse.
The liver of a 12-week-old STAM mouse shows fibrosis (Fig 6, d);
intracytoplasmic lipid droplets and lobular inflammatory focus are not
evident.

Images for all groups of mice (n = 5 for each group) were scored on
the basis of the rodent NAFLD scoring system. Figure 7 a and b shows
steatosis scores and inflammation scores, respectively, for all groups of
mice. Steatosis score was the highest for 6-week-old STAM mice; 6-
week-old STAM mice showed statistically higher scores than those for
8-week-old STAM mice (P <.05). Inflammation scores for 6-week-old
and 8-week-old STAM mice were significantly higher than the score
for control mice (P <.05). The high inflammation score for 6-week-
old STAM mice (nominally exhibiting NAFL, not NASH) was unexpected,
but this is consistent with the results of histopathological examination
(Fig 6, b).

Correlation Between DRS Parameters and Histopathological Scores.
Figure 8, a shows the correlation between the NIR (1204 nm) second-
derivative values and steatosis scores. The Spearman rank correlation
coefficient was 0.9172 (P < .0001), indicating a strong correlation

Surgery Open Science 6 (2021) 21-28

between these 2 parameters. Figure 8, b shows the correlation between
the subtracted first-derivative values in the VIS region (570 nm — 550
nm) and inflammation scores. The Spearman rank correlation coeffi-
cient was 0.5260 (P = .0172), indicating a moderate correlation be-
tween these parameters. There was no significant correlation between
the subtracted first-derivative values in the VIS region and steatosis
scores or between the second-derivative values in the NIR region and
inflammation (data not shown).

DISCUSSION

The objective of this study was to examine the feasibility of optical
diagnosis, i.e., DRS, for states of steatosis with inflammation in the
liver (NASH) in mouse models. For this purpose, both the lipid content
and inflammation status must be determined for the liver. Whereas
DRS was successfully applied to the diagnosis of fat deposition in the
liver in some studies [16-18], no reliable methods have been reported
for optical diagnosis of inflammation, to the authors' best knowledge.
In this study, we used the second-derivative values at a lipid absorption
peak of 1204 nm in the NIR region to assess relative lipid content in the
liver and found a strong correlation between the values and histological
steatosis scores (Fig 8, a). The use of the second-derivative values is con-
sidered to be effective for detecting the absorption signal of lipid, which
overlaps that of water in the NIR region. For diagnosis of inflammation,
we assumed that inflammation could cause oxygen demand
outstripping oxygen supply, inducing local hypoxia (inflammatory hyp-
oxia) [19] and hence deoxygenation of hemoglobin. Based on this as-
sumption, we used the difference of the first-derivative values
(570 nm — 550 nm) in the VIS region to evaluate hemoglobin oxygen
saturation and found a moderate correlation between the values and
histological inflammation scores. This seems to support our inflamma-
tion hypothesis for the liver. Overall, the results obtained in this study
suggest that our DRS method is useful for monitoring lipid content as
well as inflammation status in the liver, although further study is
needed as described below.

When the present DRS method is compared with other noninvasive
diagnostic modalities such as ultrasound-based vibration controlled
transient elastography (VCTE) and magnetic resonance elastography
(MRE), those elastography techniques implement liver stiffness mea-
surements, enabling assessment of liver fibrosis [20,21]. It has been re-
ported, however, that neither VCTE nor MRE can accurately predict
NASH (independent of fibrosis) [22,23]. Although a recent advance in
MRE technology (multifrequency 3-dimensional MRE) has shown the
possibility of predicting NASH [24], no evidence-based correlation has
yet been reported between the stiffness and biochemical/physiological
property of NASH. Because our DRS method directly detects NASH
using optical properties that relate to steatosis and inflammation in
the liver, our method provides valuable information that significantly
differs from the information obtained via VCTE or MRE.

STAM mice typically show steatosis (NAFL) in the liver at 6 weeks of
age and steatohepatitis (NASH) in the liver at 8 weeks of age. For the

Fig 6. Representative images of hematoxylin and eosin (H&E)-stained liver sections from each group of mice (original magnification x 200). (a) Control mice at 8 weeks of age. STAM mice
at (b) 6 weeks, (c) 8 weeks, and (d) 12 weeks of age. The black dashed line, solid line, and open arrows in panel b indicate a large lipid droplet (macrovesicular steatosis), a small lipid
droplet (microvesicular steatosis), and hepatocellular hypertrophy, respectively. Black line circles in panels b and c indicate aggregation of inflammatory cells. Scale bar: 100 pm.
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Fig 7. (a) Steatosis score and (b) inflammation score for each group of mice. *P < .05, **P < .01.

STAM mice used in this study, however, histological analyses showed a
certain extent of inflammation even at 6 weeks of age (Figs 6, b and 7, b),
whereas lipid content was clearly maximized at this age (Figs 6, b and 7,
a) in the livers. Actually, a diagnosis of NASH was made for livers of both
6- and 8-week-old mice on the basis of the rodent NAFLD scoring sys-
tem,; livers of 6-week-old mice would probably be in the initial stage
of NASH. According to the animal provider, inflammation can some-
times be observed at 6 weeks of age. Regardless of this fact, Fig 7, b
shows that the STAM mice used in this study exhibited a wide range
of inflammatory scores, i.e., from 0 to ~2. It can thus be said that the
mice used in this study provided appropriate models for assessing in-
flammation status in the livers. It should be pointed out, however, that
experiments using pure steatosis mice would be needed for further val-
idation of our DRS method.

Although our DRS method was useful for diagnosing steatosis with
inflammation, the reliability of the method for detection of inflamma-
tion should be improved because the correlation between optical deox-
ygenation signals and histological inflammation scores was moderate,
not strong (Fig 8, b). For more comprehensive assessment of inflamma-
tion, the use of an additional optical signal might be useful. One possible
candidate is absorption signals relating to the redox state of the mito-
chondrial respiratory chain (the redox state of heme aas or CuA in cyto-
chrome c oxidase) [25]. Hemoglobin-related signals may be affected by
vascular density and distribution, whereas each single hepatocyte con-
tains a few thousand mitochondria, providing uniform and sensitive sig-
nal sources for optical detection. The available data show that
mitochondrial dysfunction would be a relevant event in the promotion
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of liver injury in the fatty liver and potentially responsible for the dis-
ease progression from simple steatosis to NASH [26].

In our DRS method, optical fibers need not to be inserted into liver
tissue, enabling minimally invasive diagnosis. The observation depth
for tissue analysis using the present DRS system is estimated to be a
few hundreds of micrometers in the visible region and ~1 mm in the
NIR region [27-29]. However, observation tissue depth can be con-
trolled by changing the fiber-to-fiber distance, although the depth and
the signal-to-noise ratio are in a tradeoff relation. Such a function of
depth controllability would be useful for intraoperative diagnosis of
the liver. In the present system, we used optical fibers with a core diam-
eter of 600 um, but their diameters can be reduced by optimization of
the light source and detection conditions. By using a pair of thinner fi-
bers that can be placed within a needle, clinical percutaneous diagnosis
of the liver will be achieved without tissue collection (optical biopsy), in
which the needle will be used to guide the fibers through the skin with-
out puncturing the liver. For example, a pair of optical fibers with a core
diameter of ~200 um with a center-to-center distance of ~500 pm could
be easily inserted through a conventional 16-gauge needle. To avoid un-
expected liver puncture, an indwelling needle with a soft plastic cathe-
ter, through which fibers can be inserted, would be useful, ensuring
noninvasive optical biopsy for the liver. When a deeper tissue diagnosis
is needed in the liver, a transjugular route might be useful for fiber
probe insertion. Tissue collection is not needed in this case also, which
allows for a minimally invasive diagnosis. In the current system, NIR
and VIS spectrometers are used for detection of lipid and inflammation
(hemoglobin deoxygenation), respectively. However, hemoglobins
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Fig 8. (a) Correlation between the second-derivative values at 1204 nm and steatosis scores. Spearman correlation = 0.9172 (P < .0001). (b) Correlation between the first-derivative
values (570 nm — 550 nm) and inflammation scores. Spearman correlation = 0.5260 (P = .0172).
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show a lower level but certain absorption in the NIR region, and their
deoxygenation can therefore be monitored by using NIR reflectance sig-
nals. This enables simultaneous detection of steatosis and inflammation
by using a single (NIR) spectrometer, which can simplify and downsize
the system.

Although the present method would be technically applicable to
humans as described above, a correlation should be considered between
mouse liver and human liver for assessing the validity of our method.
Importantly, it has been shown that the histological phenotype of a
STAM NASH model developing steatosis, steatohepatitis, and fibrosis
in the liver is similar to that of human clinical samples [30]. Further-
more, a recent comprehensive analysis has demonstrated a high corre-
lation between the STAM mouse liver and human liver on genomic,
transcriptomic, and lipidomic levels [30,31]. At least 15 test substances
that showed the efficacies based on the pharmacological studies using
STAM mice have been used in clinical studies treating NASH [32-34].
Taken together, these facts support the transferability of our in vivo
method to clinical application.

Our next steps for further validation of our method include the fol-
lowing 3 issues. First, we will optimize our method to detect inflamma-
tory hypoxia by quantifying tissue oxygen saturation levels instead of
using first-derivative values because quantified values are more objec-
tive and reliable. Second, we will introduce an additional DRS signal re-
lating to mitochondrial dysfunction (redox states of electron transport
chain) [25], which will improve the detectability of cellular hypoxia,
as described above. Third, we will incorporate ballooning injury in our
diagnosis. Although ballooning degeneration is a key pathological fea-
ture of human NASH [35], conventional mouse models do not reproduce
ballooning injury in their livers [9]; however, STAM mice can develop
liver-ballooning degeneration [30]. Thus, the optical detection of liver-
ballooning degeneration in STAM mice will further improve the useful-
ness and significance of our method, for which DRS signals relating to
the above-mentioned mitochondrial dysfunction and light scattering
reflecting cellular/subcellular morphological features can be used [36].

In conclusion, we showed that lipid and inflammation in the livers of
STAM mice could be diagnosed by DRS using the second-derivative
values at a lipid absorption peak of 1204 nm and by DRS using the
first-derivative values at 570 nm and at 550 nm, respectively. Although
further study is needed, the results suggest the usefulness of our DRS
method for diagnosis of NASH.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sopen.2021.07.002.
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